A series of 4-aryl-hexahydroquinolines were prepared by Hantzsch reaction using aromatic aldehydes obtained from lignin, 1,3-cyclohexanediones, β-ketoesters and ammonium carbonate. The antioxidant properties of compounds 5a-c and 5g-i were evaluated by two methods: scavenging effect on 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical and scavenging effect on 2,2′-azino-bis(3-ethylenzothiazoline-sulfonic acid) diammonium salt (ABTS + ) radical. The results show that the compounds containing a methoxy moiety exhibit good activities. The study suggests that some synthesized compounds may serve as promising leads for the treatment against tumors or other free radical-related diseases.
Introduction
Free radicals play an important role in a number of biological processes, some of which are necessary for life, such as the intracellular killing of bacteria by phagocytic cells, 1 but excessive amounts of free radicals can lead to damage to biomolecules such as lipids, proteins, enzymes, and DNA in cells and tissues, 2 which may result in cancer, diabetes, cardiovascular diseases, autoimmune diseases, myocardial infarction, neurodegenerative disorders, aging, and other variety of diseases because of their excellent reactivity. [3] [4] [5] The antioxidants can minimize or inhibit the oxidative damage through interrupting the free-radical formation or terminating the 11 The polyhydroquinolines possessing a bioactive 1,4-dihydropyridine moiety also have important biological properties. [12] [13] [14] Although the antioxidant activities of quinolines and 1,4-dihydropyridines 15, 16 have been extensively studied, the polyhydroquinolines are not well explored. The synthesis and antioxidant evaluation of new polyhydroquinolines, therefore, is included as part of our medicinal chemistry project aiming to identify a new class of antioxidants.
It is well-known that lots of natural and synthesized antioxidants possessing phenolic hydroxyl groups can improve their antioxidant activities by reacting with free radicals. 17 Vanillin and syringaldehyde, two phenolic hydroxyl containing compounds obtained from lignin, are widely used as additives in food, pharmaceutical and cosmetic industries due to their antioxidant activity besides the fragrant odor and non-toxicity. [18] [19] [20] The synthesis of polyhydroquinolines with vanillin and syringaldehyde as starting materials is expected to afford better antioxidant properties. Starting from these considerations, we report herein the synthesis and in vitro antioxidant properties of 4-aryl-hexahydroquinolines using the aromatic aldehydes from lignin via an efficient, catalyst-free, and four-component MCR (multi-component-reactions) Hantzsch reaction under microwave irradiation.
Results and Discussion
Our study started from the preparation of the aromatic aldehydes from lignin according to the previously reported procedure [18] [19] [20] with nitrobenzene oxidation as the standard method, providing vanillin and syringaldehyde as the major compounds (Scheme 1). Scheme 1. Preparation of aromatic aldehydes from lignin. 26 etc. If they could avoid the use of long reaction times, high temperatures, catalysts, or organic solvents, they would be applied extensively. Recently, the progress in the field of reactions in aqua media is gaining significance because of their operational simplicity and environmentally benign processes. Herein, we wished to develop a new eco-friendly procedure [27] [28] [29] with our continuation to the use of the microwave technology for MCR for efficient and catalyst-free synthesis of polyhydroquinolines in water (Schemes 2). According to green chemistry concept, water was used as the solvent. Ammonium carbonate was chosen as a solid ammonia source because it has low toxicity (LD50 1497 mg/kg) and melting point (58 o C) and resulted in high yields compared with ammonium acetate, ammonium chloride, or ammonium nitrate etc. 28 The microwave irradiation can accelerate reaction rate, shorten reaction time, and improve product yields by transferring energy directly to the reactive species. 30, 31 Thus, the four-component reactions between the aromatic aldehydes, 1,3-cyclohexanediones, β-ketoesters, and ammonium carbonate were conducted in water under microwave irradiation without any catalysts in a short time providing the desired polyhydroquinolines in high yields. The workup procedure was very simple and gave the products after a single filtration in good purity.
As indicated in Table 1 , the reactions were performed in water at 60 °C within 5 min under microwave irradiation without catalysts and all of them yielded well (≥ 89%). All the compounds were characterized by IR, 1 H NMR, 13 C NMR, mass spectra and elemental analysis. In conclusion, we designed and developed a convenient, efficient, economically and environmentally benign procedure for the synthesis of polyhydroquinolines which will be studied below for their antioxidation activities.
In vitro biological evaluation.
The N,N-diphenyl-N′-picrylhydrazyl (DPPH) assay is a well-known method for determining antioxidant activity of plant flavonoids. So compounds 5a-c and 5g-i were first evaluated for antioxidant activity by DPPH assay. The reduction rate constant of DPPH radical for compounds 5a, 5b, 5g and 5h was found good to moderate compared to the standard Trolox, while that for 5c and 5i was found very poor ( Figure 1 ). After the good reduction rate constant was observed for compounds 5a, 5b, 5g and 5h, the 50% inhibitory concentrations (IC50) against DPPH and ABTS + radicals were tested ( Table 2) . The values of IC50 for compounds 5a and 5g were lower than that for Trolox, while those for the compounds 5b and 5h were higher in reaction with DPPH radical. The IC50 of compounds 5b, 5g, and 5h were lower than that of Trolox, while the compound 5a showed almost the same IC50 as Trolox in the ABST + radical cation scavenging assays. As demonstrated in Figure 1 and Table 2 , 5a and 5g showed the best antioxidation activities, and 5b and 5h provided moderate values, while 5c and 5i were proven very poor. Obviously, one could realize that the substituents of polyhydroquinolines on the aromatic ring have a major influence on their antioxidation activities. The presence of methoxy groups in aromatic groups increased their antioxidation properties. Without such methoxy group on the aromatic ring, 5c and 5i did not exhibit good activity; the antioxidation activity increased with one methoxy group in 5b and 5h and further enhanced when there are two methoxy groups in compounds 5a and 5g. The strong antioxidant activities of these compounds indicated their potential application in the drug development, and also provided an effective approach for value-added application of lignin.
Conclusions
A series of novel 4-aryl-hexahydroquinolines were obtained from lignin with a very environmentally benign procedure in good to excellent yields. Some compounds were screened for their in vitro biological activities showing good DPPH and ABST + radical scavenging activities. Compounds 5a and 5g showed the best antioxidant activities against DPPH and ABST + which suggest further studies to explore the potential chemotherapeutic treatment again tumors or other free radical induced diseases. In addition, it was realized that the methoxy groups at the aryl substituents linked at the C-4 of the 4-aryl-hexahydroquinolines increased the antioxidation activities.
Experimental Section
General. Vanillin, syringaldehyde and p-hydroxybenzaldehyde were synthesized according to previously reported methods. [18] [19] [20] Other reagents were obtained from Sinopharm Chemical Reagent Co, Ltd. All reactions were conducted in MAS (II) Sineo microwave reactors using external surface sensors. All synthesized compounds were characterized by infra-red (IR), 1 H NMR, 13 C NMR, mass spectrometry (MS) and elemental analysis (EA). Melting point was determined by SGW X-4 Micro Melting Point Apparatus. IR spectra were recorded with a Nicolet Magna-IR 550 spectrometer. Mass spectra were recorded on WATERS Q-TOF Premier Mass Spectrometer using electrospray ionization (ESI).
1 H and 13 C NMR spectra were recorded with a Bruker DRX-300 Advance spectrometer at 300 MHz and 75 MHz, respectively. Elemental analyses (C, H, N, S) were conducted using a PE-2400 (II) Elemental Analyser, and results were found to be in good agreement (± 0.2%) with the calculated values. Ethyl 4-(4-hydroxyphenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate  (5c). (1.55 g, 95%) . 194.3, 167.0, 149.4, 147.4, 144.3, 138.1, 134.0, 109.9, 105.2, 104.0, 59.0,  55.9, 50.3, 35.3, 32.0, 29.3, 26.3, 18 Ethyl 4-(4-hydroxy-3-methoxyphenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline  -3-carboxylate (5h). (1.81 g, 94%) . 
In vitro biological evaluation
The compounds were evaluated for their in vitro free radical scavenging activity by the 2,2′-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-sulfonic acid) diammonium salt (ABTS + ) radical scavenging method.
16,32-35

DPPH radical scavenging assay
This assay is based on the measurement of the scavenging ability of compounds towards the stable 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical and performed according to the reported method. 16, 32, 33 Briefly, an ethanol solution (200 μL) of 100 μM diphenyl-picryl hydrazide (Aldrich, USA) was incubated at 30 °C with 1 μL of compound or Trolox solutions in deionized H2O. The final concentration of compounds was 100 μM. A decrease in absorbance was measured at 517 nm (Perkin Elmer Lambda 2 Spectrophotometer). The rate constant was calculated as the average value of 5 to 6 time-points (intervals) until the absorbance diminished by 50%. The radical scavenging activity was expressed as the reduction rate constant (k) of DPPH radical and calculated according to the Equation 1, where [DPPH] 0 is the starting concentration and [DPPH]t is the concentration at the time 't'.
(1)
The percentage of scavenged DPPH radical was plotted versus the concentration of antioxidants and the concentration of antioxidant required obtaining 50% inhibition (50% inhibition concentration, i. e., IC50) was obtained from the graph.
ABST + radical cation scavenging assay
The concentration of 2,2′-azino-bis(3-ethylenzo-thiazoline-sulfonic acid) diammonium salt (ABST + ) remaining after reaction with the antioxidants was determined according to previously published procedure. 16, 34, 35 The procedure to prepare the ABST + stock solution was modified slightly. Sufficient amounts of the diammonium salts of ABTS + (Sigma, USA) and K2S2O8 (Sigma, USA) were dissolved in 2.0 mL water to achieve concentrations of 4.00 and 1.41 mM, respectively. This solution was kept in the dark for at least 16 h to form ABST + radical, then didluted to 100 mL with 80% ethanol so that the solution had an absorbance value (Absref) of 0.70 ± 0.05 at 734 nm (Perkin Elmer Lambda 2 Spectrophotometer). Various concentrations of compounds (10 μL) were added to ABST + solution (200 μL) at ambient temperature to reach a stable absorbance (Absdetect). The percentage of ABST + radical scavenged was calculated using Equation 2.
(2)
The percentage of scavenged ABST + radical was plotted versus the concentration of antioxidants and the concentration of antioxidant required obtaining 50% inhibition (50% inhibition concentration, i.e., IC50) was obtained from the graph.
